In the process of learning a new computer language, writing erroneous statements is part of the learning experience. However, some errors persist throughout the query writing process and are never corrected. Structured Query Language (SQL) consists of a number of different concepts such as expressions, joins, grouping and ordering, all of which by nature invite different possible errors in the query writing process. Furthermore, some of these errors are relatively easy for a student to fix when compared to others. Using a data set from three student cohorts with the total of 744 students, we set out to explore which types of errors are persistent, i.e., more likely to be left uncorrected by the students. Additionally, based on the results, we contemplate which types of errors different query concepts seem to invite. The results show that syntax and semantic errors are less likely to persist than logical errors and complications. We expect that the results will help us understand which kind of errors students struggle with, and e.g., help teachers generate or choose more appropriate data for students to use when learning SQL.
INTRODUCTION
SQL has been taught at university level courses for decades, yet compared to programming languages, SQL has received relatively little attention in educational research. A number of new teaching methods have been presented to facilitate learning [5, [7] [8] [9] , but Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than ACM must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request scientific evidence on which parts of SQL students struggle with leaves room for interpretation.
This study is an attempt to address the issue of difficult, i.e., persistent errors in SQL. We consider an error persistent if it is present in a student's final answer to an exercise, i.e., the student did not fix the error during the query writing process. The aim of our study is to find out which errors are persistent, and then consider which query concepts invite which persistent errors. To that end, we analyzed the final answers of three student cohorts with the total of 744 students and over 8,700 SQL queries.
In Section 2, we discuss previous studies on SQL error categorization, and briefly explain the frameworks we chose for this study. In Section 3, we describe how we collected and analyzed the data, and in Section 4 we report our findings. In Section 5 we compare our findings to previous studies, and consider the practical implications and limitations of our research, as well as further research opportunities. Finally, in Section 6, we present conclusions.
BACKGROUND 2.1 Related Work
Previous SQL research in educational contexts mainly focuses on one of two perspectives. First, on the development and analysis of a particular tool for facilitating SQL learning, and second, on the study of student errors in SQL. The former class of SQL research is out of the scope of our study, but the latter class presents a number of error categorizations, which are needed to quantifiably measure and analyze student errors.
Brass and Goldberg [4] presented an extensive list of semantic errors to be used in database management system (DBMS) compilers, and a set of studies [1] [2] [3] , which inspired us to this research, explored the frequencies of syntax and semantic errors students made when learning SQL. Ahadi et al. [1] used PostgreSQL to categorize syntax errors from over 160,000 SQL queries. Ahadi et al. [2] studied student errors in exercises with seven different query concepts, and, as the authors point out, theirs is the first published quantitative study of the relative student difficulties in regard to different SQL query concepts. Additionally, Ahadi et al. [3] closely investigated 551 queries that contained a semantic error which students were unable to correct.
Taipalus et al. [11] composed an unified error categorization and a framework of query concepts using earlier research [1, 2, 4, 10, 12] . These findings were validated and complemented by an analysis of over 33,000 SQL queries, and the categorization was based on the SQL standard, and is DBMS independent. The categorization mapped 105 errors and complications into four classes; 1) complications, which do not affect the result table; 2) logical errors, which affect the result table, and for which there exists a valid data demand (i.e., a natural language representation of what the query needs to return from the database); 3) semantic errors, which affect the result table, and for which there exists no valid data demand; and 4) syntax errors, which result in an error message instead of a result table.
Errors and Complications
We use the error categorization, and the query concept framework composed by Taipalus et al. [11] , because both of them are wider than any of those presented in the previous studies. According to the categorization, there are three classes of errors in addition to complications. The 38 syntax errors are categorized into six categories; ambiguous database object (SYN-1), undefined database object (SYN-2), data type mismatch (SYN-3), illegal aggregate function placement (SYN-4), illegal or insufficient grouping (SYN-5), and common syntax error (SYN-6).
The 13 semantic errors are categorized into five categories; inconsistent expression (SEM-1), inconsistent join (SEM-2), missing join (SEM-3), duplicate rows (SEM-4), and redundant column output (SEM-5).
The 30 logical errors are categorized into six categories; operator error (LOG-1), join error (LOG-2), nesting error (LOG-3), expression error (LOG-4), projection error (LOG-5), and function error (LOG-6). The categorization points out that, while a semantic error is evident just by reading the query without knowing the data demand, a logical error can be identified only if the data demand is known.
Finally, in addition to errors, the framework contains 24 complications, which are, e.g., unnecessary joins and other structural problems which could be formulated in a simpler fashion. For brevity, we refer to all of these four classes simply as errors, when it is not necessary to differentiate errors from complications.
Query Concepts
As the base for our exercises, we use the the framework [11] which lists 18 query concepts, all of which are present at least once in the 15 exercises. Notably, all of the exercises test skill with more than one query concept, and, what's more, some query concepts invite others by design. All the query concepts per exercise are presented in Table 1 .
While some of the concepts are basic, e.g., single-table queries, expressions, aggregate functions, and ordering, others, e.g., multiple source tables (i.e., data in the result table is projected or calculated from more than one source table), and parameter distinct (i.e., DIS-TINCT is required as an aggregate function parameter) are relatively difficult for an introductory database course. See to Taipalus et al. [11] for more detailed information about the query concepts, exercises, and error categories, as well as example data demands and queries for each of the 15 exercises.
METHOD
For this study, we had over 123,000 SQL queries which we collected from three student cohorts in a mandatory database course. The course consisted of lectures, voluntary exercises, exercise discussion sessions, and an exam. The students majored in computer science or information systems with no prior knowledge on using SQL. Each cohort answered to 15 SQL retrieval exercises. We designed the exercises using the query concept framework presented by Taipalus [11] , with the same query concepts, as well as the number of source and subject tables. In order to mitigate the polarization effect of the database business domain on the number of errors, we designed different database structures and business domains for each cohort. We also replicated the learning environment as presented by Taipalus et al. [11] . The students answered the 15 exercises during the course. The exercises were divided into three sets (A, B, and C in Table 1 ). For each set, the students had approximately one week to complete the exercises in the given set, in whatever order, and with unlimited tries. The learning environment was minimally controlled, and the students could use whatever material or forms of communication at their disposal, which more accurately mimics their future work environments, as argued for by Taipalus et al. [11] . The exercise discussion sessions were held after the weekly deadline had passed, and the sessions had no impact on the previous week's queries. The learning environment was effectively an interactive SQL prompt (SQLite) embedded into a web page. The correct result table was visible during the whole query writing process, which, in turn, constitutes as making the environment unnatural when compared to work environments.
In order to pinpoint persistent errors, we analyzed only final answers from each student, which left us with over 8,700 queries for further analysis. Out of these final queries, 2,765 were incorrect. We manually marked these errors according to the error categorization by Taipalus et al. [11] . Based on this, we approached error persistence from two perspectives; relative frequencies for each error category per exercise, and estimated means for each error class per exercise. A1  A2  A3  B4  B5  B6  B7  B8  B9 B10 B11 B12 B13 We calculated the relative frequencies of different errors among incorrect final answers (N=2,765) in the 15 exercises, as we wanted to identify which query concepts invite which classes of errors. An answer was considered incorrect if it contained at least one syntax, semantic or logical error. Importantly, a complication by itself did not constitute in making an answer incorrect. In addition to errors, we calculated relative frequencies of complications among all final answers (N=8,773).
In order to identify persistent errors among exercises, we analyzed the data by counting the number of different classes of errors for each exercise. The homogeneity of variance was tested before analysis, and it was found that the data was overdispersed. Therefore, we modeled the data with negative binomial regression that is also common method for count data. Because our interest was in comparing the error rates under the different exercises, we added fixed effects of task to the model. The non-independence of the observations due to the fact that each student completed multiple exercises was modeled by including random effect of student in the model. We estimated the model using the SPSS (version 24) Mixed command, and interpreted the results by calculating the predicted number of errors and their confidence intervals (CI) for each exercise. We estimated the statistical significance using an overlap rule of 95% for the CI bars, as proposed by Cumming et al. [6] .
RESULTS

Error Persistence for Error Categories
We collected success rates, relative error frequencies by error category in incorrect final answers, and complications in all final answers to Table 2 . We ignored non-attempts, as not all students attempted to solve all exercises. Some errors were absent in some exercises altogether. Again, we observed high numbers of relative frequencies among logical errors when compared to other categories. In fact, for each of the logical error categories, at least one exercise yielded a relative frequency of at least 0.40. By contrast, e.g., illegal aggregate function placement (SYN-4), inconsistent join (SEM-2), and redundant column output (SEM-5) error categories had a relatively low highest relative frequency of at most 0.02. Complications were present in all exercises.
Error Persistence for Error Classes
We collected estimated means and CIs of syntax, semantic, and logical errors as well as complications in final answers per exercise to Table 3 . Collectively, logical errors were more prominent than other error classes in all exercises. The results show that on average, students are more likely to commit persistent syntax errors in exercise C15 (estimate 0.828 with 95% CI [0.721, 0.951), whereas persistent semantic errors were most prominent in exercise B10 (estimate 0.855 with 95% CI [0.735, 0.995]).
Investigation concerning the class of logical errors showed that students committed fewer persistent logical errors in exercises A1, A2, A3, B11 and C15 when compared to exercises B6, B7, B9, B10, B12, and B13. The overall trend showed that, with a few exceptions, the means of logical errors increase over time, but in the final exercises C14 and C15, the means decreased.
Inspection of complications showed that students wrote more complications in exercises B10, B13, and C14 when compared to exercises A1, A3 and B5. Additionally, exercise B9 showed the widest CIs among all error classes. 
DISCUSSION 5.1 Persistent Errors in Previous Studies
Although Ahadi et al. [2] used slightly different query concepts, and did not quantitatively study which types of errors occur, we can compare the success rates of our results to theirs to gain understanding on which concepts students struggle with. Their study listed seven query concepts, five of which map to the framework [11] we used. Simple, one table [2] corresponds to single-table (exercises A1, A2 and A3). Their study reports success rate of 90%, while our rates vary from 60% to 77%. The success rate of a query with group by [2] , which corresponds to grouping (exercise C14), is 75%, which is the same as in our results. Their query for group by with having [2] , which corresponds to our grouping restrictions (exercise C15), has a success rate of 61%, while ours is 56%. Self-join [2] corresponds to self-join (exercises B11 and B13), but the success rate of their study (24%) differs from ours (41% and 62%). Finally, correlated subquery [2] corresponds to correlated subquery (exercise B11), and the success rates are fairly similar with their 46% and our 41%. It is worth noting that most of our exercises tested more than one concept instead of just one. What differs between these two studies, is that the most difficult query concept in their results was self-join, but in our results the most difficult concepts were correlated and uncorrelated subqueries, with success rates of 41% and 43%, respectively.
An earlier study on syntax errors in the whole query writing process [1] (as opposed to our study, in which we only analyzed final answers) used PostgreSQL to categorize syntax errors, which makes the results uncomparable to ours. However, some similarities can be found, as the study points out syntax error (corresponds to SYN-6 common syntax error), undefined column and undefined table (SYN-2), and grouping error (SYN-5 illegal or insufficient grouping) among the most frequent syntax errors. Additionally, by examining the final incorrect answers, they discovered that 51% of students abandoned the exercise when they were not able to fix a syntactic error. Ahadi et al. [3] explored persistent semantic errors related to query concepts. The study lists several common errors, most of which correspond to the error categorization we used; missing/wrong condition (corresponds to LOG-4, also possibly SEM-1), self-join not used (SEM-3 missing join, also possibly SEM-2 inconsistent join), missing group by or having clause (SYN-5 illegal or insufficient grouping, and LOG-4 expression error), use of wrong column (SYN-5 illegal or insufficient grouping, and LOG-4 expression error), missing order by clause (LOG-5 projection error), incorrect/incomplete column (LOG-5 projection error), and missing/extra column in select (LOG-5 projection error). When compared to our findings in Table 2 , these error categories are among the most prominent ones, and our findings seem to support theirs. Additionally, based on our results, data type mismatch (SYN-3), common syntax (SYN-6), operator (LOG-1), join (LOG-2), nesting (LOG-3) and function errors (LOG-6) were relatively frequent in the exercises.
In summary, the available evidence seems to suggest that students struggle with similar query concepts, and some errors are more persistent than others. The consensus view among our results and the results by Ahadi et al. [3] seems to be that the most persistent errors are illegal or insufficient grouping (SYN-5), common syntax error (SYN-6), inconsistent expression (SEM-1), inconsistent join (SEM-2), missing join (SEM-3), expression error (LOG-4), and projection error (LOG-5). Additionally, the results by Ahadi et al. [1] and Taipalus et al. [11] seem to agree that, among all queries, the most frequent syntax errors are common syntax errors (SYN-6), undefined database object errors (SYN-2) , and, in queries involving aggregate functions, illegal or insufficient grouping errors (SYN-5).
Persistent Errors versus All Errors
Taipalus et al. [11] counted relative error frequencies in not just final answers, but during the whole query writing process, i.e., in all queries submitted to the DBMS. By comparing their results to those presented in Table 2 , we can acquire some insight on which errors are common, but usually corrected by the students. First, rough comparison reveals that ambiguous database object (SYN-1) and illegal aggregate function placement errors (SYN-4) were uncommon in all and in final answers, while undefined database object errors (SYN-2) were common in all answers, but uncommon in final answers, i.e., usually corrected. The occurrence of data type mismatch (SYN-3) and illegal or insufficient grouping (SYN-5) appears to be closely related to the query concepts, as these errors were frequent in all and in final answers, but only in certain exercises. Common syntax errors (SYN-6) were common in all and in final answers.
The most frequent semantic errors among all and final answers were inconsistent expressions (SEM-1), and missing joins (SEM-3). In general, semantic errors were less frequent in both all and final answers than syntax errors, and the least frequent among all four error classes.
In general, logical errors were most frequent in all and in final answers. Interestingly, in 9 of the 15 exercises, operator errors (LOG-1) were more frequent in the final answers than in all answers. This suggests that operator errors are both common, and they have a high tendency to stay uncorrected. Join errors (LOG-2) were common in almost all multi-table queries, both all and final. Nesting errors (LOG-3) were common in queries which required nesting expressions (A3), or designing the subqueries by using previously uncommon nesting (B8). These errors, however, were closely related to the query concepts, and most of the exercises invited no such errors. Expression (LOG-4) and projection (LOG-5) errors were most common in all and in final answers. These types of errors seem relatively common in the query writing process, and are relatively difficult for students to fix. Smelcer [10] studied SQL query writing process in regard to short term memory, and the occurrence of these types of errors might be related to the thought process of a student translating the natural language data demand into SQL. Intuitively, function errors (LOG-6) occurred only in exercises involving aggregate functions (B9, B11, B12, C14, C15). With the exception of exercise B11, function errors were more common in final than in all answers. This suggests that function errors are difficult for students to fix.
Finally, while complications were relatively common in both all and in final answers, the number of final answers with complications was usually considerably lower than the number of all answers with complications. This suggests that, even though complications are still common, many of them are corrected during the query writing process.
In summary, different query concepts invite different errors by design, e.g., a query with aggregate functions invites the possibility of function errors. By examining the maximum error frequencies for each error category in all answers, we can determine the commonness of each error category, and, consequently, by examining the maximum error frequencies for each error category in all answers, we can determine the persistence of each error category. These things considered, it seems reasonable to assume that we as teachers and researchers should focus on errors which are both common and persistent. Our data indicates the same results as Taipalus et al. [11] , i.e., such error categories with a maximum (and arbitrary) relative frequency of at least 0.40 are logical (LOG-1 through LOG-6), and illegal or insufficient grouping errors (SYN-5), as well as complications.
Persistent Errors and Query Concepts
Among syntax errors, the most persistent were data type mismatch (SYN-3), illegal or insufficient grouping (SYN-5), and common syntax errors (SYN-6). Common syntax errors were relatively frequent in all exercises. With the exception of exercise B13, data type mismatch errors seemed to decrease while the students completed more and more exercises, which might suggest that students learned to formulate queries in which the expressions were Boolean type. Illegal or insufficient grouping errors were common, but only in exercises involving aggregate functions (B11, B12, C14, C15), with the exception of exercise B9, which might be explained by the fact that B9 is the only single-table query with aggregate functions, and thus easier to solve. In terms of persistent syntax errors, answers to exercise C15 showed the most syntax errors. This might be explained by the query requiring the use of all six SQL clauses, as the second highest mean among syntax errors is in exercise C14, which, in turn, required the use of five SQL clauses, while all other exercises required the use of three to four clauses.
As seen in Fig. 1 , the trend was that semantic errors were the least persistent among the four error classes. Among semantic errors, the most persistent were inconsistent expressions (SEM-1), inconsistent joins (SEM-2), and missing joins (SEM-3). Inconsistent expressions were relatively prominent compared to other semantic errors in almost all exercises. This is rather unsurprising, because expressions are required in almost all exercises (A1 through B13). Also, intuitively, missing and inconsistent joins were relatively common in all multi-table exercises (B4 through B8, and B10 through C15). Persistent semantic errors were most prominent in exercise B10. One explanation might be that this exercise is the first in which the result table must contain data from multiple tables, which in turn invites joins without subqueries. This might be the first time a student needs to use this approach, but it might not be evident that this approach is preferred.
Finally, and most importantly, logical errors were most persistent among the four error classes. Expression (LOG-4) and projection Table 4 . For most of the concepts, however, the data showed no distinguishable patterns.
In conclusion, our results provide needed insight on which SQL errors students struggle with, and which aspects we as teachers and researchers should focus on when utilizing SQL. Although Taipalus et al. [11] proposed an operational model for designing SQL exercises and exercise database data, taking into account their framework's 105 different errors for each exercise is arguably an onerous task. We propose that teachers should start the exercise design by focusing on the most expected persistent errors first, and then work down to less common errors depending on their personal time and resource constraints. What's more, our study propounds the view that students are able to correct some types of errors by themselves, and therefore teaching should focus on errors which students struggle with.
Limitations and Further Research
We compared our results with certain previous studies [1] [2] [3] , which did not use the same query concepts or error categorization. With this in mind, there is a chance of misinterpretation of the listed concepts and error categories. Furthermore, these concepts and categories might include or exclude aspects of the framework [11] we used. Finally, the framework lists multiple query concepts per exercise, while Ahadi et al. [2, 3] only list one. In some cases, this might be the result of different levels of specificity between the concept listings, but nonetheless makes the cause and effect analysis in our results more difficult, as it not clear whether frequent errors in any one exercise are caused by a particular query concept, or by a combination of two specific query concepts.
For further research, we propose a tool for automatically categorizing errors in student answers according to the error categorization by Taipalus et al. [11] . The categorization is extensive, and complications, semantic errors, and syntax errors must be analyzed by hand. This is further emphasized by the fact that the categorization is DBMS independent, which makes reliable syntax error discovery by a single DBMS unreliable. By automation, the categorization is open to larger datasets, and by making the automation of error categorization real-time, learning environments may provide students feedback as the query is being written.
CONCLUSION
In this study, we set out to investigate which errors are persistent, i.e., more difficult for students to fix, and which types of persistent errors different query concepts, such as joins or aggregate functions invite. The results show that logical errors and complications are more persistent than syntax or semantic errors. While function errors were common in exercises with certain query concepts, expression and projection errors were persistent in all exercises, regardless of the query concepts. We propose that while designing SQL exercises, teachers and researchers design the exercise data to take account most persistent errors, starting from the most common ones.
